The paper reviews some topics in human exposure to high frequency (HF) electromagnetic fields based on certain integral equation formulations and related numerical solution procedures. Illustrative computational examples are related to the human eye and the human brain exposed to HF radiation. The obtained numerical results for specific absorption rate (SAR) are compared against exposure limits proposed by ICNIRP (International Commission on Non Ionizing Radiation Protection).
Introduction
The tremendous growth of wireless communication systems in modern society has increased the public concern regarding possible adverse health effects due to exposure to high frequency (HF) radiation. The HF exposure assessment is based on the calculation of SAR distribution.
A comprehensive review on this hot issue could be found in many papers, e.g. [1] [2] [3] . As measurement of induced fields in the body is not possible human exposure assessment is carried out by using appropriate computational models [2] [3] [4] [5] . Theoretical models are being used to simulate various exposure scenarios, and thereby establish safety guidelines and exposure limits for humans [6, 7] . Computational models can be classified as either realistic models of the body (or particular organs) mostly based on Magnetic Resonance Imaging (MRI) [2, 3, [8] [9] [10] , or simplified models, computationally much less demanding but failing to provide accurate results in most of the exposure scenarios.
This paper reviews the use of integral equation approaches in bioelectromagnetics developed by the authors.
Related illustrative computational examples presented in the paper are related to the human eye and the human brain exposed to HF radiation [11, 12] . The eye exposure is based on the hybrid boundary element/finite element method (BEM/FEM) of solution of the Helmholtz equation. The brain exposure is analyzed by solving the set of coupled surface integral equations (SIEs) via the Method of Moments (MoM). The obtained maximal values of SAR are compared to the exposure limits proposed by ICNIRP.
HF dosimetry basics
The principal task of HF dosimetry is related to the assessment of thermal effects, i.e. to determine the level and distribution of the electromagnetic energy absorbed by the body. The main dosimetric quantity for quantifying the influence of HF fields is the specific absorption rate (SAR) and related temperature increase.
Due to the mathematical complexity of the problem most of the early stage researchers investigated simple models such as plane slab, cylinders, homogeneous and layered spheres and prolate spheroids [13] while recent anatomically based computational models comprising of cubical cells are dominantly related to the application of the Finite Difference Time Domain (FDTD) methods. The Finite Element Method (FEM) and Boundary Element Method (BEM) are generally used to a somewhat lesser extent [13] [14] [15] .
The specific absorption rate (SAR) represents a fundamental quantity in HF dosimetry. SAR is defined in terms of the rate of energy W absorbed by, or dissipated in the unit body mass m:
where P stands for dissipated power, C is the specific heat capacity of tissue, T is the temperature and t denotes time. Also, SAR is proportional to the square of the internal electric field:
where E and E rms is the peak and root-mean-square value of the electric field, respectively, ρ is the tissue density and  is the tissue conductivity. SAR distribution generally depends on the incident field parameters, the characteristics of the exposed body, ground and reflector effects, respectively. SAR of the biological body reaches maximal values when the electric field is oriented parallel to the long body axis.
The eye exposure to HF radiation
The human eye exposed to plane wave represents an electromagnetic scattering from lossy dielectric object. The eye model is based on the Stratton-Chu formulation and Helmholtz equation. The hybrid BEM/FEM approach with edge elements is applied to the assessment of related internal fields.
Formulation
A plane wave incident on the corneal part of the eye represents an unbounded scattering problem (as shown in Fig. 1 ).
According to Stratton-Chu formulation, the time-harmonic electric field occurring at the exterior of the scattering problem is expressed by the following boundary integral equation [11] :
where i E  is the incident field, ′ is an outer normal to surface ′ bounding the volume V and α is the solid angle subtended at an observation point. 
The interior of the eye containing inhomogeneous regions is represented by equation [11] :
where subscripts A and B denote the exterior and interior region, respectively. 
Boundary element solution
The boundary integral equation (3) is handled via the boundary element method (BEM) [3] , while the partial differential equation (5) is solved by means of finite element method (FEM).
Namely, applying the weighted residual approach to equation (5) and introducing the vector test functions i W  the following integral representation is obtained [3, 11] :
Once the electric field E  is determined, SAR can be computed from (2). The results for SAR at different frequencies, averaged over the whole eye, are given in Table 1 .
Numerical results
From the presented numerical results it can be seen that the hot spots formation occurs below the frequencies of 6 GHz, while at higher frequencies the electromagnetic energy is focused at the eye surface. Also, the whole eye averaged SAR values stay below the ICNIRP exposure limits [6] . 
The brain exposure to HF radiation
The model of the human brain exposed to HF electromagnetic fields is based on the surface integral equation (SIE) approach. The formulation can be derived from the equivalence theorem and by using the appropriate interface conditions for the electric and/or magnetic field, as depicted in Fig. 3 . 
Formulation
Using the equivalence theorem, two equivalent problems can be formulated, in terms of the equivalent electric and magnetic current densities J  and M  existing at the surface S, one for the region 1 (exterior to dielectric) and other for the region 2 (inside the dielectric) [17] [18] [19] [20] .
The boundary conditions at the surface S are satisfied by introducing equivalent surface currents Performing certain mathematical manipulations, the following set of integral equations is obtained [10] : (7) where the Greeen's function for the homogeneous medium is given by: (8) and R is the distance from the source to observation point, respectively while kn denotes the wave number of a medium n, (n = 1; 2).
Solution by the method of moments (MoM)
The numerical solution of the coupled SIEs is carried out via the method of moments (MoM). A view to the triangular brain model mesh is shown in 
where J n and M n are unknown coefficients, while N is the total number of triangular elements. Applying the weighted residual approach, i.e. multiplying (7) by the set of a test functions m f  and integrating over the surface S, after performing some mathematical manipulations, it follows:
where subscript i denotes the index of the medium. The details of the procedure could be found elsewhere, e.g. in [10] .
Numerical results
Computational examples are related to the brain exposure to plane wave at f=900 MHz and 1800 MHz, respectively. Surface of the brain is disretized using 696 triangular elements and 1044 edge-elements while the corresponding brain parameters are listed in Table 2 . The power density of the incident plane wave is P = 5mW/cm 2 and is oriented perpendicular to the right side of the brain (positive x coordinate). Fig. 5 shows the SAR distribution in the brain at f=900 MHz for the case of horizontal polarization. Table 2 :
Permittivity and conductivity of the brain. Figure 5 : SAR distribution at f=900 MHz.
The obtained peak and average SAR values for both polarization types and for at f=900 MHz and f=1800 MHz are given in Table 3.   Table 3 :
Peak and average SAR values for different exposure scenarios.
The calculated peak SAR values in the brain do not exceed the ICNIRP limits [6] for localized SAR (10 W/kg in the head and the trunk for the occupational exposure).
However, the exposure limit for the general public exposure limit (2W/kg localized in the head and trunk) has been exceeded in the case of 1800 MHz (both 1800V and 1800H).
Conclusion
The paper reviews the application of integral equation formulation in HF dosimetry featuring the human eye and brain, respectively, exposure to high frequency electromagnetic fields. Future work will be devoted to the extension of the present homogeneous brain computational model which would include different neighboring tissues.
